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ABSTRACT
L T

Hesearch was initiated to understané and control the
parameters leading to the successful growth or oxide-metal com-
posites and to evaluate the electron emission purformance of
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rmine their suitability
for induction melting using an rr ‘reqguency of €7 mhz. Proce-
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iang electiron microscopy and x-rey Jdiffrac-

“ hAva been developed Lo charscterize oxide-metal composite
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mplen, stalil
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C Tl1ber sorphology 15 been related to growth

sirection, A theoretical analyrls of expected electron field

Assion I'r Lhe array ol metallic pineg formed during composite
A ael g 1 ean periormed using pin diameter, pin spacing, ap-
plied voltage and interelectrode spacing a varinbles. A pre-
liminary description of ¢ oligirication behavior of oxide-
WOl aystems 1z proposed, based on a tentative phase diagran,
i{rferen: oxide-matal vat! NG variable growth rates. A
ilode » R ly for leld Lenlon tarting har been constructed,
a3 infitial field emission testlr ¢ Aan oxide-metal com-
. Erp ie ¢ iescrited,
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SECTION I

INTRODUCTION

This 1s the initial report for the "Melt-Grown Oxide-
Metal Composite” research projfect, ARPA Order No. 1637, and it
covers tne contract period 1 July 1570 through 31 December 1970.
The technigues used to grow this unigue clags of materials con=
taining many millions or less than 1l ydiameter tungsten f{ibers
PEr squere centimeter, uniformly Jistridbuted in a refractory

oxide matrix, wil) be

.
3
pooe
+

efly reviewed to provide betikground
information for interpreting. this and subsequent reports. The
najor research ojhjectivs f the various sreas of this project

ere also outlined,

A modifled floating-zone technigue has heen Used to grow
single crystals of refractory oxides and is employed to grow the
oxlde-metal compositea. In tnis technique pressed rods of the
oxide-metal mixture are sintered ineside rf heated molybdenumn
tubes 1In an iner® tmosphere to dergify and prehecat the material.
(A typical growth arrangement is shown schematically in PFigure 9
ol this report.) Aftar the initial heating, which also serves

ncrease the electrical conductivity of the oxides, the molyb-

[

to

denum tube heaters 'are separated to expose approxinmately 2 cm
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of the rod to an rf field of 3 to 30 megehertz, depending on e
material to e melted. The concurren® increase of temperature,
electrical conductivity, and recistance heating continues undil
je interior of the rod melts at temperatures up to 3000°C. The
high radiant heat loss from the surface ard the inherent low
tnermal conductivisty of the oxides mair.tains the skin of the rod
well bpelow tne eutectic temperature of the mixture. Composite
growth 1s obtained by moving the moltern zone up through the rod.
In practice a cavity is generated in 1ine nolten zone because of
the differerice’ in denzity between the initial polyeryetall ine
rod and solidified composite. During growth, the oxide and metal

melts from tha roof of this cavity and solidifims a% the base.

uring the growtn of pure oxides 1t was found advanta-
ceaous to rotate the rods at speeds above 300rpm. During rotation
the molten material 1s centrifugally cast against the sldes of
the cawvity; thus, the liguid-solid interface 1s modified so that
crystallization in the center of the rod leads solidiTiCatiBi

+

near the circumference of the ro! and promotes the uniform growth
of one crystallographic orlentation across the entire melted
zone. The need for rotation during the growth of oxide-metal
composites is unresolved al present because similar structures
have been successfully obtained both with and without rotation.
The occurrence of cell or grain boundaries across the composite
structure may minimize the need for the ligquid-solid interface

geometry produced by rotation. To date ordered oxide-metal

structures have been achieved in the systems UO,-W, stabilized
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The primary technical objective of this project is to
understand the solidif'ication processes leading to courled growth
and ordered microstructures after melting oxide-metal mixtures,
and to successtully produce useable samples of these composites
and evaluate their use for practical applications, The potential
uge of these composites for electron emitters ie being investiga-
ted first because structures containing between 4 and 25 million
exposed W {lbers per square centimeter can easily be attained,
The research program is divided into five areas to meet these

ovjectives.
A. UNIDIRECTIONAL SOLIDIFICATION BEHAVIOR OF OXIDE-METAL SYSTEMS

A study of the chemical, thiermal, and mechanicul varia-
bles active during solidification of numerous oxides and oxide-
metal systems is in progress to understand the parameters which
control successful oxide-metal composite growth, Analysis of
solidification in systems wi.ich do not vield ordered eutectic

structures may prove equally as valuable as studies of cystems

which readily achieve ordered structures.
B. STRUCTURAL AND CHEMICAL CHARACTERIZATION OF OXIDE-METAL
COMPOSITES

The composite growth morphology, orientation relationships

and composition profiles are being studied using predominantly

£
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t=ray diffraction and scanning electron microscopy techniques,
Thie Information will bve combined with the solidification studies

to watablish the parameters conitrolling oxide-metal polidiricm=

. s vy e w 208 ¥ se i e TTOMY LTRSS LET TP ariy 4 en S a0
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nc mathematlicnl descriptions of the electron emin-
alon I'rom polnt gouwrcen are velng used to calculute cptimum
Ylber geometrien for rfleld and thermionic emisslon frowm the
oxide-metal compositen, These studies will be correlated with
the experimental emlspion measurements to

v ] . e = ¢ o
s -:l- l.l !"-'L ‘.’.'—‘

actual smitter hehavior,
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D, PFORMATION OF OPTIMUM EMITIING ARR\V

Experiments are in progress in model oxide-metal systems
which readily form ordered atructures (e.g. W with UO? ang Zrog)
to <itablish the influence that controllable growih parameters
exert on the microstructure, Puture growih studies will be de-
signed to alter existing oxide-metal geometries toward siructures
which the theoretical analys. s shows will yield optimun emitting

verformance. Chemical and electrolytic etching are being

G)
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as technlques to shape the W pins for enhanced rield emission,
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ECTRON EMISSION MEASUREMENTS

"
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mivably prepared composites are velng test w3 as dlodes
3 P A

vo evaluate thelr use as leld emltters, Thermionic testiing

-

ts planned in the future, The emlssion pertormance ls being

function of array geometry, and the electrical vari-

doal

ptudied as &
ables o fleld strength, interelectrode spacing, and current
w11l establish the potential o!f oxide-

jenstty, These ctudles

metal composites ['or use as electron emltters

Otner applications where these CoOmpos ites could probably
include electro-optic devices and in micerocircuit struc-
reviewed to find specific areas

spuctures would offer definite advantages

over nresent technology.



SECTION II

UNIDIRECTIONAL SOLIDIFICATION BEHAVIOR OF OXIDE-METAL SYSTEMS

Melting and subsequent controlled solidification of
refractory oxides and oxide-metal mixtures have been previously
accomplishedlﬂ%a& using high (M to 30mhz) frequency rf heating.
This technique is limited to systems that have sufficient elec-
trical conductivity at elevated temperatures to support eddy-
current heating at the level required to produce internal
melting,.  Tuwring 'the flirst half of this coentract peripgd a HhNm=
ber of oxides, binary oxide compounds and oxide mixtures have

been tested to determine their suitability for internal melting

using the rf coupling scheme.

All of the materials studied were made into 3/4 inch
diameter pellets by pressing -325 mesh powders in a two punch
steel die at about 2500 psi. These prepressed cylinders were
then placed in an evacuated rubber envelope and hydrostatically
pressed to 50,000 psi to increase their density. Final pellet

height varied from 1/2 to 1 1/2 inches.

Before an attempt was made to rf couple to any pellet,
it was either sintered in a ceramic processing furnace or in

a one inch diameter inductively heated SiC cylinder. The

.



sintered test pellets were placed inside Si1C tubes which pre-
heated the pellets to temperatures between 1000 and 1670%C and
increased thelr electrical conductivity prior to the rf coupling
test., The SiC tube was located inside the work coil of a 27 mhz
rf generator which, after preheating, allowed the melting beha~
vior of these materials to be testea by simply removing the hot

S1C preheater and exposing the test pellets to the ri field. |

EXPERIMENTAL RESULTS

A compllation of the test results including preheat
temperatures, ri coupling, and melting behavior and miscella-
neous comments for the three classes of materials - oxildes,
oxide compounds and oxide mixtures - are presented in Tables I,

Tk o LaE PeSpectively.

Of the single oxides tested (Table I), only CeO, formed
a stable molten zone, Cr:OB, Ti0p, and NiO might alse b BUACEBES=
fully melted if their stoichlometry problem can be overcome, J0on
the electrical conJuctivity‘of A1203, MgO and Y203 can be in-
creased by higher preheating, increased density, or doping with
impurities, these materials are also candidates Tor intemnald
melting by induction heating. The use of a higher freguency

rf field may also increase the chances of melting Pr203.



TABLE I
LNDUCTION MELTIMN EHAVIOR INOLE OXIDES AT 27 mht.
[ ]
Preneat Loy Behavic
Ixide . > inled Melied Commentie or Probloms
' -
- 3] 1]

260 13 -4 @0 Subl imed

] 14 Ye ¥ Molten area turned blue
indicating reduction of
the oxygen cerium ratio.

i To0n L 4 T Stoichiometyy change
occurred, Cr metal ob-

erved in polished spe-
clmen.

%0 1 N K¢ -

NiO 1250 e Tes Surface of pellet melted,
sample was reduced, Ni
metal observed in pol-
igshed specimen.

3 - N -

rr.Q. 2R fec fes Only very smell area

> melted, sample cracked
on cooling.

S 5d) 1 550 Mo Ko -

e Q y i, ; o

{7 d) 1580 fes! Yec Molten zone melted

3 through to surface and
released ligulid, some
reduction observed in
molten zone.

W, 1300 Tas ies Liquid released through

b

cracks, areas of differ-
ent. oxidation states
present



Table I Continued

Pr¢n:u:ia; Benavior
Jx!de e i Coupled Melted Commente or Problems
. 1500 Slightly No -
n 1800 Yeu i Sublimed

wuction generator was used Instead of the ugual

i.
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TARLE I

INDUCTION MELTING SEMAVION OF BINANY OXItE SOMgUINTE AT T .

Oxide Prefeating Betavior
Sompound  * L coahoss Mplisd Compes Lt Feesiems
AlyCal., 156 Very £ Sracesd om cecllng
Slightly
Al,Mg0, 155 e B fpicel g
Alpdeaiian 1500 ] e Cordterite
Al T10, % » .
BaFe. 0, L01¢ " b racked Lagly o
- Ll ‘.3.'4.

BaFe, .0, , 126C Te Yor  Molten material &leee

3 ted throus orweka,
BaN1o0. 1150 ? Nicke! antal conting

formesd Yurt velow
iARgle urface,

BaQ+Fe 0. 1150 - - Melted Surs s retwat,
. reculting roltls very
r-ftqu“o

Ba3no 1150 Ko He Ceacked padly durlse
3 rivire.
(1)

BaT10, 1530 Yes o Wrt e pretested vepy
rlowly o preven
crackineg,

BaZro, 1400 No o -

- "1 s -
Cr2{206 1610 Ten Ko
F'e,,TiO5 1360 Yes Ter  Cracked durlng pree
i heating .
10
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Coupled Melted Commnents oy Problems

Yai No  Saume ag O0XMgO.

Blimed, melted zone
‘I”.'!':v' f‘OI’OU‘J .

i Yes ! Led Lhrough
*
15

Yo In*rerior became nwoilen
i only isalated areas
and liguld was expelled
hTOUgRn walls Of pellet.

o

* \ : L table internal molien
gone artadlighed After
i alnute sxpomurs W

l rf fleld,

¢ tatle internal aolten



Of the oxide compounds tested, Table II, iron titanate

- appeared to be the best candidate for rf melting if the cracking

problem can be controlled by slower preheating. BaTiO3 and

S CroYs0z are also atvtractive materials I'or further testin usin
a =g s
. & hlghey frequency field Tor the BaTiO3 and a higher preheat

FenmEnaturse Tor ahe Cr-W-0. 1,

oy 2

The stabilized zirconia mixtures described in Table I1I1
211l formed stable internal molten zoneés when subjected to s
whez f1eld. 10 the hiph MgO comgositions of the NiO-Ng0 sclid
ere ureheated to a higher tempermture, theéy
glso might Be moodd candidates Tor internel mel ting. Zn0 resddiiy

couplad to the rf field bui sublimed bedly prior to melting (ses

-

mixtliress shown in TeHle I1I1 were 'an
. gtiemps “reete a stahle sutectic melt bel :w the sublimation

point of ZnC. Theee attemdUts were only partially successiul.

Ihe preceding tables indicated there were four principle
reasone why stable internal molten zones were not achleved in
the miterials Lested, These are:

1) The effic.ency of induction coupling was too low %6

wer necescary to achleve an internal
L urface of sample pellets did not emit enough

thermal energy to remain solid and contain the

molten zone.

i 1k




(3) The specimens broke up due to thermal stresses, and

(4) The starting materials were unstable because of

sublimation or stoich’.ometry changes.

There are a number of approaches which may be used to
improve the chances of successful induction melting oxide mate-
rials, Improved coupling efficiency can be obtained with higher
rf frequencies, closer sample coil geometries, and increased rf
power., Higher preheat temperatures, impurity doping, and stoi-
ehiometry control can be utilized to inerease the electrical
condnectivEi by« ¢ the oxides, Purther work with ithe oxides g in
brogress to explciv the abowe possibilities for increasing elecs
crical conductivity. Glassy carbon preheat tubes h&ve been
recef vad andwd Ul -be used Teo increase the preheat tellpargtures
of those materials that appeared close to coupling at lower

temperatures,



SEJTION III

STRUCTURAL AND CHEMICAL CHARACTERIZATION

OF OXIDE-METAL COMPOSITES

Scanning electron microscopy (SEM), non-dispersive x-ray
analysis and various x-ray diffraction techniques were selected
as suitable methods for the characterization of melt-grown oxide-
metal composites. A program was devised which will ensure a
comprenhensive and efficient characterization of composite speci-
mens using these three technigues. Aspectls ol thls program which
were covered in this report period included an evaluation of the
backscattered and secondary emission mode of operation in the

SEM, an analysis of the information obta!nable from scanhing
electron stereomicrogranhs, an 3JEM study of metal fidber growth
forms in selected samples, the development of procedures for

x-ray orientation studies, and the determination of some initial
orientation relatlonships and lattice parameters using xX-ray
techniques. In addition, various plieces of equipment, notably

a new oscilloscope camera for the SEM and a doubly bent graphite
monochromator for the x-ray diffractometer, were installed. These

items will improve the efficiency and minimize the costs of the

characterization program.

16



A. CHARACTERIZATION PROGRAM

[fe comprenencive characterization program for the oxlde-

- e

metal compositer s outlined in tne following steps:

t1os will be collected using polished camples examined

=
neoanples (€107) and magnifications be-

wwean 500 to 10,000X. Apart fvom the usunlly used emissive mode
ar’ operation, reflectsd elactrons will be used at magnifications
1o ) Lo X for the examiuation of the macroglructure within

re

the various growth regions. Zemipuantit ative chemical analysis

will Yo made with the anerpy=dispernive detector {n the SEM,

(Detatlled procedurss using this analytical vechniyue will be
s5y 90 go it 25 ® 4 ¢ S e ipem
w0 UK e e s e foi - ut ie e
o Mitual oxlde-metal oviesntation relationships and lattice
parameters will be determined uaine ¥-Tay technicues., Orienta-

ares to determine preferred growth directions. Oxide-metal-
solublliities will be Inferved from lattice parameter messurements

These aralyses will be carrted out using mechanically polished

iamples

3« Following suitable chemical etching to e pose the melallic

be examined in the SEM (using orimarily sterecmicrograpnhs)




analyze the chapes and forms of the metal fibers. These results
willl be correlated with the orientation data, growth conditions

and etching methoas,

k. In selected samples electron diffraction techniques and

conventional and high voltage electron microscopy will also be

utilized for specific characterization purpocses.

17
.

with exdsting UC.-W specimens was performed along

-

the lines of this characterizetion program, and the initia

result LIre Tepocrted.
i b e T e B
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AAng whe examination of the UOp=W samples two basically
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iirferent types of oxide-metal structures have haen observed.
i H 2 H po X ] . § = r - e . A
" firet type is shown in Pigure 1 and 1s charactericed by th
- . . T3 . g > 1 -
rowen of W {fibaye agsenitiall iformly digiributad across hi
melted zone, Thi frowt’) pattern is interrupted by grain (cell
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r colony) houndaries where mafor changes in oxide and metal
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(oxide-metal eutectic) structure., The larger grain or cell

%

structure shown in the previous figures is also present in this
type of sample., An analysis of the parameters responsible for

these di

L]

‘ferent types of growth is presented in Section V of

192}

this report.

In the case of the unifom [lber stowth, Pigups 1, Mo
conclusion can be drawmm al present as o Uhe Existence EiI &
relationsnip between grain size, shape and orientation. The
shapes ¢ the grains are highly irregular, and the diameters Veary
from a few microns to a few millimeters. It is noteworthy that
no flioer growth occurred in the immediate neighborhood of the
gratn boundaries. In the structures containing the eircularn
oxide areas, (Figure 2) the location of the grain (cell) boundaries

appeare to be random, although they traverse the composite region

nore often th&an not.

_‘

2. Pilber Forms

The observed tungsten fiber shapes certainly depend upon
orientation and composite growth conditions, and also often on
s

e

the chemical etching used to remove a layer of the oxide to ex-

 ad

pose the fibers for SEM analysis. A variety of cross Bections
including round, hexagonal, sguare and rectangular were ob-
served. During etching, the fibers were occasionalliy altered

in such a way that no characteristic crystallographic growth

forms were discernible. An example of this behavior is shown



ip Figure

a geomet

'+ respecTive grOownn

red to alter the fiber shape to

Piber growth forms and conditionsg

’..J.

s in progress. For example,

wexagonal fiber crogs sections in

y=todecansdron

material [b.c.c.), such as
forst of 3 b.o.c, measeErial iy
this erysta) uodal, whieh ie
is cut into twe equal helves
iy g of {113} nigngs, @ NeXNTEeS
‘auyr eousl lefgth adges. The

he lengarT ¢ shorter L han The

e particular growih form which
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proce arcton ol sevepel M

ading &nslvsls. Thus hexagon™l
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P

e fibher morphology was changed

nong different crystallographic
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rision, Oak Ridge Naticnal Laboratory, Oak Ridge, Tennes-
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lons S0 produce an almost sguare section at the Iiber tip.

rrowth mode indicates [001) me the river axis and growth

VEM)

A UO.-W swmple wae ion-satched for 154 hours to thin the
material (oY sxampination in the HVEM.® The tungstan fiter was
viewsed at spproximately 45° off the fiber axis (Figure ©). The
fibers were surrounded, &3 wes anticipated, by & pille-up of dis-
locEtiong. IT ap canee thesge dislocations seemed %o originete
in The fiber and then continue into the pxwide matrix., It is
notéwarthy that no cracks are vicsible et the fiber-malrix inlers
PecE, suggpasting evopllent honding.

1., f-reay Informatior

Lattice constant jaterninations wera cerried out with

numerous UO,-¥W samples. The letiice constant magstred lor Tung-

ELen w

1y Y
'hese

mals,

Q = b 3 . i B .
tlon Wsing this Tatchnigue J8 unkiiown &

r (‘
vas 5. 1648 T 0.0000 A; for (0o 4t wes 5.8710.T ©.0007 A

val.oas are vlose to the accapiled wiiltes for LThe Jure mAle=

and Sndicate very little mutunl selld solubility batwesn
P04, fnis »8ult wag confirmed on & preliminary besgig By
ergive x-ray analysis in the SEM, although the limit of

4

presens. BFo W was

K 8

Corno
the g

WwOrKk waz done a

t the 1 Mev HVEM facliiity at U. 3. 5Steel
Tatlion ih Morrovevillie;, ¥Ya. Tne sulhors sh to acknowledge
T

el
wi
enercus help given them Ly Br. K. M, Fisher and his staiil.
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found in the UO2 matrix and no U was detected in the W fibers.

Orlentaticn relationships in composite samples were
determined with a zingle crystal orienter (goniostat) possessing

several mutually perpendicular and movable rotation axes. All

of the samples which were studied contained the grain structure

shown in Figures 1 and 2. A great number of orientation relea- J
tionships are therefore possible; however, preliminary x-ray

studies suggest two orientation relationcships occurred most
frequently in the larger grains, These were (OO])W‘I(lll) U02
with [100], || [210] vo, ana (11@)“,[] (112) yo, With [ﬁo_]wll [114] o,
Studles are in progress to systematically map the oxide-metal
orientation relationships across the composite areas in sclected

samples.



SECTION IV

THEORETICAL ANALYSIS OF ELECTRON FEMITTING ARRAYS

'._I-

Field emissicn of 2lectrons from an isolated metallie
pin into vacuum has been extensively studied, and excellent
L__ .,0

reviews are available. raphs angé tables are given in these

(o]

refererices for the purpose of computing the current density of
oneé %lp as a Tunction o" applied electric field, work U ERE (O,
and temperature. When a large number of pins are grouped togethr
&T to Iform & two-dimensional array, the emission cepability is
Increased, but not as much as is nalvely expected from simple
multiplication of emission-pe~-=nin times the number of pins.
Certain theoretical aspects of Tield emission from such an array

are given below, and som= Nnunericsl results are graphec.

The relevant equation releting the macroscopic field

+

amission current densi¥*v J to the actual electric fleld ¥ at the

(')

o

emltter tip of radius r for a sguare array »f side a is given by

J = £{r®/ac)BFe exp=Fy /Fs (1)

The notations used in this report are presented in Table IV.
This equation is simply derived by assuming tha! the effective
emitting area is®r-, that the density of pins per square centi-

-ﬁ - . 3 .
meter is a ©, and that all other corrections are included in

f(see below). The presence of a very dense array cauces F 10



a3

TELD EMITTER ARRAY NOTATION

£ = soirection Pactor

J = macroscopic current density (amps/cmp array area)
ﬂ = work function

£(y) = image force barrier lowering term (see ref, 6 )
B = 1,50 % 1')-6/¢ (a:np:‘/vul’,:)

Fy = 6.83 x 107 @ 3/ f{y) (volts/cm)

F = electric field at emitter tip (volts/cm)
V = voltage (volts)

K dEBld reguailon Fector

I, = cathode-ancde spacing (cm)

a = Interpin epacing (cm)

r = pin tip radius {(ecm)

2a



reduce according o the law:

-

P e ¥/ kv, (2)

e - i
[ R -
)
1 r 14 . . % ¥ . [ . . .y e ] . a
I'he deperdence of ¥ on L, r, and & wus derived LY superposing
& oné-dlmensional potential and & sguars arvay of toulomt
potentials, and by matching ths t indary conditions ot each pin
0l > SR .
% + The effcet of pln helght was not considered, so the vals
ke of Kk glven in equation (3) 13 probavly & lower limit. Clearly
Lt is dartrable for ¥ Lo ba a5 small A pessidle, 1<€<k<2, 0
that evcessive voltages need not be aplLlied. A plot of Lof s o
vs P, as taken from the oahl of ru?,0, is drawn in Pigure 7.
assumlng that f 1y end 9.3 ev which may be applicable to
turgsten with a monclayer of oxvgan-. Arves in Figure T ars
’ ; .= ~N -f % )
labelled by the ratios Tr r</a L2 ! ) 5 & s &nd

~=10 e o
1() l/- L..&S, F

—— o e
,u!"‘ Lai

ada

Bguations (1)=(3) mey be used Lo com-
pute J given V, r, a, and L. The curves are terminated af'ter &
field of 7 = 'xl‘T v/em is resched. A theoretical énalyvals of
the maximum allowable temperature rise T  at Lhe tip of a cylin-
der emitter due to Joule heating shows that the marximum micro-

scople current density is

w1, (4)



Por T, = 1000°K ana & - 90 x 10™ om, trie gives dy = 1.3 320"
saps/en®, which corvespords ‘o ¥ . w2100 vem, Beyond thle
value of ¥, destructive cathode heriing may result, o replot ¢!
Plgure 7 ts gilven ‘n Flgure 5, where the effect of varying s is
explicitly shown with the nelp of Equatlons (2) wwd (3). ¥alues
kept constant in this figure are L « 10°7 om, and r « 0.5 x 10°¥
ca. lower voltages ary obtalned for the curve labelled s « ¥y
(one 44 « 107" cm). Por valuer of a chosen smal’er oF tatum
than this, the voltage increases 0 go! the asme current. 17
the optimum value of a L2 desired, it can be computed annlsils
eally rros

A

n v (4T F‘.Lr:l,ﬁ:}' . (5]

optio:~

At this optimus, ’ spproxi=ately equals 4,37z (emiscion per lpo-

iated pin)z{denaity >f ping).

One way o subfect an ocbeerved J-V charscterisiie to
theoretical analysis ir %o plot it as logy, J,r"-?": ¥z 1000/, A
stralght line 1o expected. whore irtorcept %, and 1lope h, are

computed from “quations (1)-(3) &

logys IV 8y = n, (2000/V), (6)
b, '?,‘ly-l Fokro (ﬂ)

This procedure ylelds Fowlerelordheim plota. From Yo the
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FIXED PARAMETERS
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E L1072 em
< 0 L
"- t= 05x10 % cm
g
2
L -. n
-5
1 =
n 10.0 12.0 14.0
V (kv
Figure ., Dependence of Current Dengity on Vol-
tage, Tor Various Vglues of &, Fixed Parameters
- Are by L = lO7°0M; 508 2 4 5210 VeR.
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pute k, 1f I 1g known. T¥ypically, 8 3 % 10 anpe/voie®
gl 2 & 3 . .
and P 20,5 x 100 v/em [for « ev], In actuality, ¢ Ay

Lhan unity for s varieiy of TehOOLWD, pO 1t

cC8n e wilhten g
: " D) f = . " 4 M [ '01'
L - 3 . N
LT PoLaY iRt rioution
P 5 - . % i P 3 - % i = (] &
IT the tip has appreciable eai con Jrom only certaln Macels,
then the frectionel emttting ares ¢ it than uniiy and | |
RYen
4 " e Y@ . o =¥ i # [ ] [ .
I there 4o a SGONOLlEye! i Raroriete, then polarirations sl
cause The darrier helght 1o lncrease; and theoreti al calouln-
“LJ".' :'.'l.';"' AN 47, 2"' L .’“ i K e A
'. : axn - BN, 1
whaere G depend a0 othe polarizability and the affective elec-
1 5 . v . ' | & £ » y
Lrie consient of th: f2r;, and K 1 whng numba?® of adporhad
molecules/ca”. Experimental results ™  ghow that one say expect
P 3 Frwm 1 T IS . LT F, i o % . M
1 3 > 13 1 | o
LPO.L').! - Robg | a r . .:C-"g .
4 . Sy 0 Y ¥ . % & . ey 1 . [ = s
£OF & Tuwil monciayer of oW, &ané ap low & Coolar o -7
20l
. . P B g ! N PO (e—— * ik L ook w1 . i s
{oF a fraclional menolayer of ; or 5 LERATLY, Lhere L2 &

- TS R B 3 and - .o ad R - * " .
large penalty to PaYy or having a monolayer of adsorbats Dranani
ey . el 3 i 4 R 1t 4. - 8 - oy t ' «~ e
on the surface of a fleld emitter iP. The (nfluence of differ-

ent pin shapes, main
bution, in the field

and will be describe

.. 2 e s 1 2 ~ [ £ L & e .
iy distrivution of min {ameters, T distri-

emission performance is under investigation

1 4 . v .
G 1n a subsesquent report.

-




o il 4 [}
v s @ Wt

.

! PORMATION OF OPTIMUM EMITTING ARKAYS
e major objectivw  thle portion of the research
project La ¢ tudy growin ln oa wodel oxide-metal system, 1i.e.
US.-W, and establien tne role controllable BIOWL! parameters
Skert on Lhe composite microstiructures, As the project pro-
gresaes smpoasia will be placed on those variables which produce
tructures which will yield optimum electron emission perfor-
amnce. A protolype comg ite growth facility has huen con-
tructed. Exiating mlerostructures have heen analyzed on the

bast S oxide-metal vatlos, the phagse dlagram, and variable
growtn rates to galn understanding about the growth process in

. xide-metal syrtems, After gsrowth the composites have been
chemically treated to expose the tungsten fibers (primarily
for electron emission testing), and the etching procedures are
described. Several attempts have alco been made to electro-
lytically sharpen the tips of the tungstern fibers for enhanced
emigsion.
A. COMPOSITE GROWTH EQUIPMENT

h A schematic diagram of the prototype facility used for
the oxide and oxlde-metal composite growth is shown in rigure G.
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Tnis facility provides both rotation and vertical translation

of the sample, and variable pcsitioning of the molybdenum heaters.
The system may be evacuated as well as operated in controlled
atmospheres, usually nitrogen or nitrogen-hydrogen mixtures,

The prototype facility is currently operative, although the
dezign and construction of the top molybdenum preheater is in-
complete, One improvement in this growth facility 1s the use of
4 nydraullc system to ralse and lower the sample. The use of a
hydraulic cylinder, rather than csome type o!f mechanical drive
normally incorporated in systems of this type, should minimize
fluctuations in growth rates and provide a more stable liguid-
0lld solldification front., The small volume of the growth
chamber enables rapld changes in atmosphere for stolchiometry
control; preliminary testing indicates that the oxygen and/or
water vapor content in the system ‘s low enough to keep the
oxidation of the refractory metals ‘o an acceptable level. The
location of the rf coil outside ti.- llca tube minimizes arc-
ing and the problems associated with getting a saticsfactory

high {requency r{ lead-through into a closed cystem. One draw-
back of the external work coil is the inability to achieve close
sample-coll spacing ‘o improve coupling; however, initial tescting
of U0, and UO,-W mixtures using a frequency of 4.t mhz indicated

these materlals could be easily melted with the present design.
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AMALYSIS OF OXIDE-METAL SOLID1. ICATION

. 5
Since the first growth of the UO_-W composites™, there

Ly

o]

chioms cenbrollisng S

U A g r saka Y & o Ywow A b5 s & = " .
nag been no published information orn the i

directional solidificatior

fote

gLuTuctures cbkained during un
of ¢ le~meral nmixtures. The structures c! availavle UO,,-W sam-
ples and the initial UO,-W composites grown on ihis project have
beern analyzed, and a preliminary interpretation of the growth

parameters ogerative during this high temperature solidiflcation

proces ig ¢greagnted;

£1 ice there is 1. ) sxiasling phase disgram Tor LHe sysLen
U0s-W, & ventative diagrem is proposed in Figure 10 which i
corelsteant with a musber of coperismental observations. The U'% -
y0lidd Meation behavior indicated these components Torm 4 2UTROLLC
pystam. Very limited aclid soludility is proposed Lechued XN-TRY
information showed lattice parsreters very closé to the stentard

3 A 3% @ B~ ~, - § U e 1] . . o ; T
FRLUS o7 Dure 5 NG we e eUilwgiclic Lemp2raiilye CEILG o T

.

more than two of three hundred degrees Pelow the melting point

of 0., because meltlng pure V0. or U0, =W misxtuhes Yleldsd VaRy
(i [a

similar sample surface Lemperatures, Severzl praliminary sxpers

: & i Nty T Wi sd o latorafory 71

iments performed at the Oak Ridge National Laboratory® have eX-

plored melting UO, crystals on & tungsten ribbon filement. The
<
reaction {eutectic *‘emperature) hetween the oxide and metal

IV e X 1 e . .
occurred at 2640 - 30 €. The eutectic composition ls estinaced,

o) 4
Metals and Ceramics Division, Oak Ridge National Laboratory,
Oak Ridge. Tennessee.

*Personal commanication, Benjamin Oliver, consultant to “he
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I'rom analysis of SEM plctures, to ceccur petween 3 to 5 weight

starting oxide-metal ratio ror the composition in the U0,-W phase
digrram ig inaccurat:, becauce Lransport nrocesses are YRy To-

!

pid at che extremely high temperatures needed to melt these mix-
tureg; and significant quaitities of the metal are lost from the
moli=n zong, probably by vapcrization or a diffusion mechanism.
Two baézic types o: oxide-metal compogite structures have bheer
cvserved to date. Flgurea 11a and 11b show a sample containing
the turigsten fibers unlirormly embedded in the UO. matrix ACLG]

y [}
the entlre malt ares. Plgures llc and 114 are Sypical structure:
ootaingd Trom malting eclis exide-rich mirtun e
samples exnitik rathar uniform cireuler areas of Frimary oxide
phase geparated by a continucus zons of the gsutectic structurs,

v

H 3 24 e . o e i 12 O3 - 3 BVC
(Lower magnification ¥iewd of uUnhdae two differend iYL of

IS

\

tructures are =lsc shown in Fligures 1 &ang 2 1n this report. )
Pertinent growth and struciure information for ths samples ghowrn
in Figure 11 &re giver in Tabla v. The W Tibver diameter, dengi-
Ly and eutectic composition are average values obtaired by exam-
Ining scanring clectron microsraphs ol many growth regions in
these and other similar samples. Ia putettic composition wa

determined by a simple area count of tunxsien fibers and con=

verting this information to welght percent metal using theore-
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TABLE V¥

GROWTH AND STRUCTURAL INPORMATION FOR Uﬂg-k‘ COMPOSITES

SHOWK IN FIGIURE 11

(] (@)

L= 5=
oy
P
sy

-
]
g

Starting Composition 125 10 10 5
welght # W
Growth Rate mm per hr 15 50 15 o0
Fioer Mamster mlcorons 0.75-0.60 0.33% 0.90 0.42 .
Muer Density . 3
(euiactic arsas only) 4.5 2t 5.5 215
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Mne following analysi
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B e
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2
wece different composlits STIRCERIEE.
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weern 3.6 and 5.2 weight percent W.
ation for the dutettic location
i drgwn in Pigure 10. Similer
ctic arces in the ssmples contalining
iUs, indicated & syulectic composl-
¢ nevesnt W, An explan&iion fou
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pear eutegctic compositiong in metal-
putactic” structures, whoreas soll-
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supercocling can account for the higher ¥ concentration (T %o
¥%), in the eutectic areas of samples (Pigure 1lc and 2146) c‘on-
taining the primary U0 na, Rlse, it 18 notsworthy that
increasing the growth rate should 1. crease he undzreocling
pence, the apount of W in the sacaetiec aress of Gthe laster
grown szmples, Thisz behavior was cbserved for samples (o) and
(@) Mebls V). the ting point of U gnd L proposed
Eutectic tempersture have & small tempersture spread, the ligui-
iug line has & comperativaly small slope, and the amcunt of under-
O0LINE requlred i nenge tne wmetal-oxide ratios from 4 Lo S10%
g sLan W LG Pl ) :w ¥ i Bot Imresaonable walides
o ideris A exXUremely Ligh sutattic temperstures $n thia
LR
f
¥ nriu {7 “'w' i . A g oy The Filher Sanatiiy and
LTRSS CAT CAf readtll ealr bY Ccomparing Lhe atructuras shown
ih Migures 11 snd cths date i glile ¥, g Blower Erown samples
producad ltarge, widaly spreed libars; wharasas ircredasing Lhe
growih rece decreescd iber pice and specing. This bDensvior i3 i
.
spieal of 1 lidiTicaiion Tound in motal-metal
s¥ysCans; although the stucturer are Urually lagiellar rather
then Cha NiDeF or I LFde.
|
I
Jeccasionally in e sres f pride-rich samples (Figure |
11e and 11d) walls of tungsten were found partially encircling
the primery U0, regions. A typlcal etructure is shown in Pigure
e
12. -S8iwiiar behavior has been seen in all metzl systew: by
45
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Lundgulist et.all”, and tney labeled thig occurrence the formation

U nalps, These authors postulated that if extensive super-
cooling and supersaturation of the liguid occurred, the excess

5 2 W - o P - - ! . 3 o d o~ s, ~ o -
phase (W in this Casge) must de removed prior to the simultaneous

- . . i
both phases rrom the "eutectic" liguig.

1 P 4 - & . b ] 3 . . ¥ 3 y
fhe analyels ang controlled growth of & variety of U0, -W
rnd e By 4 = oo v 3 < T 5 G 3 g - \ : ) 5
Hlotivres le contimving . e initial atitempta to malt tungsten-
.o cqP e w ¢
ot ey vy d ay ¢ 3 3 4 +
f TLCh mixtures using the induction heeting technigus have bheen
! ungucesasil, for rTesso; HOL Cleay™ At Dresans .
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(2) 10 m) zlacial acetic ac

{3) 7 ml concentrated nitric acid

2.

LIIQIAC axi

o r - ¥ 4 - 3 . - T ' il
Pollehed sawnles usually in the shape of walers were clipped U«

F - oy P agn » . s 1 - ) 4 - g 4 4y e
2 ahalt rotating At several revolutions per second and inmersed

In the etchirg solution for & predetermined time Sapsndling on
eng fiber length degired. s2fvar »i hing the sanples wera Pe-

|
moved Irom the etchant and washed by rotation in & water bath j
|
for twenty mimutas. diEi DLhe Bxpasad Tibers wars deter-
pined (Fow scanning alectron plaraomicy ETANNS Af GLliTepmitly
stched sumpliss. PAla Information will de given in the next
repors, as the presant resuliy are widely scattered and appear

unralianle,
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Quce very small diwvmeter tunicte: Lips starting with turgaten
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wires. l1hege Lechnigues usually employ an alkali Hydroxife solu=
Y ¢l ! it &) Sy - ie “ = K A 4 2t =

vion as the e.ecirolyte., Pre.iwinary atlempis to sfapt this
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scheme to sharpen the W “ibers in chemically etched UQ.-W samples
«

were unsuccessful, as ihe hydroxide solutions severely stiached

- F h- oL 3 . n -1 . 3~ v - e 2 2 g . PO S o .}
both the fibers and matrix., Some promising results were chtained
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ecel of tThis resesrch Progran ip ks
syptematic study of the high rield emigsion charscteristics of
e ites c g oy @ ¢ @ e P e o
melt-grown oxide-metel composites., The experimental apparatus
neorporates 4 dlode with adjfustable interelectrode spacing
2

o waruunm chamber. Cafsormr~tion is

on 27 pdMah intereimcirode nol 7=

o
-——
=
—
»
.

MEasurssant Instrusentation carsistia of conventionsl

gigctrometeye, recorders, and power supplies. Principal sfforts
during the period covered by thir report have bYeen directed

toward faclilty cevelopment. Tome limited experimental ol ssion
= meafrements neve estavlished the feaaibility of the experimental
metnod anu nave confirmed the matlafactory oparation of the

apparatus.

e Ty Y SE——
A, SXPERIMENTAL FACKELITH

The wvatuum enclosvre 11llustrated in Pilgare i3 s an all

J

stslnless steel Hakeanl cr-58 chambar:. Moat of Lhz vacuus

g2als are metal o-ring compression seals using =oft aluminum

' wire; the flange around the high voltage feedthrough ia a Varian
"Conflat" rlange., The vumping system conelein of & four-inch
50
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oil diffusion pump, a water cooled chevron baffle, a freon cooled
baffle, a mechanical pump and associated pumping and bakeout
controls., A base pressure of the order of 1 x lO'8 torr is
attainable without bakeout. All feedthroughs, with the exception
of the high voltage feedthrough, ar¢ of the coaxial type permit-

ting shielding of all instrumentation leads.

The assembled diode structure is shown in Figure 14, The
molybdenum anode and cathode structures have variable axial spae-
ing . All insulators are steatite or alumina. The polished and
etched oxide-metal composite emitter is mounted on the cathode
rod with silver paste. A negative potential is applied to the
emitter and the current collected by the anode is measured with
an electrometer and a strip-chart recorder. A protective series
reslstor is includéed in the circuit to prevent damsge to thé
electrometer and the sample should a short circuit between the
emitter and collector inadvertently occur.

Ll ) & o o @ i
B. PRELIMINARY FIELD EMISSION RESULTS

Preliminary data have been obtained from a single UOQ-W
composite employing a cample-to-anode spacing of approximately
0,010 inech. With this spacing, a current dernsity of greater

8 amp/cms was measured with an applied potential of 800V,

than 10~
and a current density of greater than 10'u amp/cm2 was observed
with an applied voltage of 2300 V. Reversing the potential

applied to the test dlode conclusively showed that the current

(¥4







o}

was due to true electron emission. The short term stabllity

of the emission appeared to be poor; fluctuations of t20 percent

were nNot uncocimon,

These short term fluctuations could conceivably be due
Lo some type of gasecus breakdown within the test diode or to
some dymamic procesc involving the transfer of emission from
different grouns of pins. It is anticipated that the lower pres-

¥

sure attalinable with system bakeout (estimated to be less than

o

1077 torr) will greatly reduce any breakdown effectes and thus
J

facllitate a determination of the cauce of the unstable current.

In spite of the apparently poor short term stability,
the average current as monitored with a recorder did not change
by more than a few percent over a period of approximately 24
nours. Algso, within reaconable limits, the average current
measurements were reproducible over the test period of approxi-

mately one week, However, it was noted that there appearcd to
LS - ¢« ® o - e

- U 'M .

€. The cause of

-, . { 1 ! .
be an increase in the emitted current with tinf

e

this apparent increase iz unknown and is being investigated.
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CUMMARY
During the last six months work has been underway on
ARPA Order No, 1637 for the development of melt-grown oxide-
metal composllies containing between 4 and 25 million less than
Tl diameter tungsten [ibers per square céntimeter, uniformly
eumbedded In an oxlde matrix, and the evaluation of these mate-
rials for electron emission é&pplications. The research program
ls divided into rfive areas to meet the project ohjectives:
(1) Unidirectional Solidificaticn Bemavior of Oxide-
Matal SystEms.
’ (2) Structural and Chemical Characterization of Oxide-
Metal Composites.
. (3) Theoretical Analysis of Electron HEmitiing Arraye.
. [ e Lot
(4) Formation of Optimum-Enitting Arrays.
(5) Electron Emission Measurements.
A number of oxides, oxide compounds and ocxide mixtures
&ve begh Tesled to detemiine cheir suifabiiley for iAduction
melting using hlgh frequency rf heating. Only ZrO; {Cad or
Y2O3 stErilieed ), znd; 840, Ni0, Cr203, Ti0,, CeOp, Zn0-Ti0,,
ZnO'A1203, BaTiqgand mixtures of Nid-Mg0 and AlQOB-NiO were
* melted from the many materials tested; and. of this list, only
the stabllized ZrO2 and CeO2 established stable enough molten

L)



geometries to warrant further study with metal additions. An
analysis of some of the difriculties encountered melting oxide
RNaterials with »r neating and future approaches designed to

Ire rease the ligr or materials which may bve induction heated are

pPresented,

echniques and procedures which provide adequate charac-

beTliz&iion of o

@posites and the siructural and chem- l
lcal infoymation HEcCessary vo interpret and predict the soligdi-
ication henavicr in oxi de-metal systeums ave telng developed in

Ire2 are&s: Scanning slectron microscopy (ZEM), energy dis-

persive analysis, and Xx-rvay diffraction. “scanning electron

FE [ N oy e o S T w5 : 1 e L 4
mlerograplis have been us : S 1 nalyre *he various oxide-metal
g & y . . 3 - - . . b S % 9 s + 4 = ~
el TMTe G L08 growih nodps LoInciviguel tyngstan ibers.
G 1 8.} S ¥ i o = g . n .\ ] B P o
SeYBYE.L WIhEY snhani fave Gesn related to growts directions.

Preliminery ¥-ray deta indicated that *w xlde-metal orientation

. P oy o I am Amt AmaTe 2 I ¥ " k4
rels L0n LDE LI e d;.'ﬁ;l.-ﬂ. 3.0 A4~H COmpogites.,
e
- [ 2
- Qs @

A Ttheoretical field emisslion model has been develecped to
provide an insight as to the field distribution in the vicinity
Gr o periodic array of emitiing pins. This analysle indicates
desirable pin spacings for maximum current denigsity and the effect
pin diameter and interelectrode spacing will have on the voltage
needed to produce differen* electric Tielfe, Graphs illustrating

this information are included.

The growth and analysis of oxide-metal composites has

brogressed to the point where preliminary interpr-~tation of the
56



different types of microstructures obtained in the system UOQ-W
can be made using starting oxide-metal ratlios, a proposed phase
diagram, and growth parameters. Typical composite structures

obtained during the controlled sol

e

gificavion of Uog-w mixtures

are shown in Figure 11 of this report. The chemical etching

the W flbers for emission testing and analysies in the SEM is

A study of the fleld emission obtainable f'rom oxide-metal
cumposltes under ambient temperature conditions has been initis-

ted. A stalnless gsteel ultrahigh vacuum system in cof juthctlion

K 1 2 " o 3 i3 e ’ - : b ok i ' Lo o) 5 il
with a dlode structure is employed for this testing. DParameter:
; ) Vi t o - i) S8 A 3 e oyl + 4 2 5} g
nder Investigation includa diede electrod specngs Aleld

. L P § 32 ) \ - v, o 4 : t
SCTENgth, critical currentf Cenalty (Chat current density at wixich

Fin damage Sccurs), input power, and emitter lifevtime. TInitial

testing of & single suitvably etched UO, =W sample wags mosi{ encour-

«

aging as ield emiscion was readily cbtained at a reasonable ap-

plied voltage. Reversing the potential appllied to the test diode
conclusively showed that the current was due to true eleciron

emission., During this first test the current density was low,

—~

1 - = + 2 .
approximalely 10 °er ¢m , and erratic; hut the average

i)
=3
"3
0
@
o)

ct
5
fde
=

current remained wi several percent for s remsdnable time

period. Emissicn Ter*ing of different oxide-metal geometries 1

.
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